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Abstract 
In this paper a novel InxAl1-xN/GaN heterostructure device is proposed by introducing a thin binary layer of strained 
(In, Al, Ga)-N channel at the heterointerface. The spontaneous polarization fields of III-N ternary alloys are derived 
as per Vegard’s rule. The band engineering leading to the formation of two dimensional electron gas (2DEG) has 
been discussed by simulating the different heterostructures by solving 1D Schrodinger and Poisson’s equation self-
consistently and the energy bands are calculated. Comparative studies of electronic transport properties of charge 
carriers in the 2DEG are also investigated for the different proposed structures. Charge concentrations throughout the 
structure were analyzed which show the confinement of charge carriers in the Quantum Well/2DEG at the 
heterointerface are maximum. The electric field variation with structure depth from surface to bottom and as a 
function of 2DEG density has also been investigated. High 2DEG density ensures high electric field is realized from 
the 2DEG study of different proposed heterostructures. 
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1. Introduction 
III-Nitride wide band gap semiconductor materials have attracted much interest in recent years to 
provide high power and high frequency applications in devices like High Electron Mobility Transistors 
(HEMTs) [1-2]. In III-Nitride heterostructures, the difference in the spontaneous and piezoelectric 
polarization between two different layers would result in a fixed sheet of polarization charge at the 
interface. This charge tends to attract high concentration of electrons or holes depending on the net 
polarization at the interface [3]. The Quantum Well (QW) at the heterointerface confines electrons or 
holes in a direction perpendicular to the interface. For a net positive polarization at the interface this 
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confinement results into two dimensional electron gas 2DEG and for a net negative polarization, this 
results into two dimensional holes gas (2DHG) [3] and is the basic concept of HEMT. 
AlGaN/GaN materials system is the choice for HEMT device worldwide [4-5]. In this heterostructure 
two types of polarization effects contribute. These are the difference in spontaneous polarization of GaN 
and AlGaN respectively and the piezoelectric polarization induced by the strain of the lattice mismatched 
heterostructure. At 30% Al-content, the two contributions are roughly equal [5-6]. 
However, all the important aspects such as high sheet charge density, high breakdown field/voltage, 
efficient heat dissipation process using SiC substrate and control of surface related instabilities, of the 
conventional Al0.3Ga0.7N/GaN HEMTs are overcome by a new material system In0.17Al0.83N lattice 
matched with GaN leading to a potential heterostructure device [6-7]. In order to further enhance the 
performance of this device it is proposed to introduce binary InN, AlN and GaN layers at the 
heterointerface of InAlN/GaN heterostructure. Among the III-Nitrides, InN and its alloys are expected to 
be a highly promising material for the fabrication of high performance HEMTs. InN as a HEMT channel 
requires a larger band gap barrier to induce and confine electrons. The probable choices of barriers are 
GaN or AlN or their alloys with InN, InGaN or InAlN. The significant lattice mismatch between InN, 
GaN and AlN can result in a large piezoelectric charge, which is very advantageous for HEMT 
applications [7-8]. In order to design and fabricate the InN, AlN or GaN-based HEMTs detailed 
understanding and proper inclusion of the effects of 2DEG and 2DHG are very much essential. 
Keeping these in mind, in this study, the formation of 2DEG at interfaces of UID In0.17Al0.83N/ (In, Al, 
Ga) N/GaN heterostructures is investigated. HEMT devices based on InAlN/GaN heterostructures grown 
on SiC substrates exhibited an output power density of 10.4 W/mm, with a Power Added Efficiency (PAE) 
of 52% at 10 GHz. As compared to the published results [1-3], that represent the state of the art power 
performances obtained from InAlN based HEMT. Sun et al [9] fabricated AlInN/GaN HEMTs with a 55 
nm gate footprint exhibit a cut-off frequency fT=205 GHz the highest ever achieved for GaN-based 
HEMTs. This result strengthens the performance projections made about InAlN based technology, which 
predicted InAlN based heterostructures as a potential successor to AlGaN/GaN HEMTs for microwave 
power applications [10-11]. Such study has been presented here. Section 2 represents the device structure 
and polarization effects in III-Nitride based ternaries. Section 3 represents results and discussion whereas 
Section 4 represents comparative analysis with conclusion at Section 5. 
2. Device Structure and Polarization Effects in III-N based Ternary Alloys 
The proposed heterostructure device is shown in Fig 1. In this work three different HEMT structures 
are proposed by inserting strained InN, AlN or GaN channel at the heterointerface of InAlN/GaN 
 
Fig 1 Epitaxial Structure of HEMT   Fig 2 GaN-based heterostructure materials matrix [2] 
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structure.  
InxAl1-xN material is a very attractive material as compared to the conventional AlxGa1-xN barrier 
material, for electronic devices. InxAl1-xN with 17% of In and 83% of Al content is lattice matched with 
GaN, and a high spontaneous polarization is predicted from theoretical studies [4]. Therefore, material 
with low strain and low defect density induced is expected together with a very high two dimensional 
electron gas (2DEG) density at the InxAl1-xN/GaN heterojunction. In order to calculate the polarization 
and other material parameters of the compounds, Vegard’s law is used, and we take into account 
a0(InN)=a0 (InAlN) [1]. We assume conduction band discontinuities ǻEc(GaN/InN) =-2.1 eV, 
ǻEc(GaN/AlN) =1.7 eV. The lattice constant of the used III-Nitrides are shown in Fig 2 and the relevant 
material parameter properties are summarized in Table I.  
It is well known that the Wurtzite group III-Nitrides exhibit internal fields due to the spontaneous 
polarization P0 pointing along the c-direction bonds from the anion to cation [1-2]. If there is a strain 
parallel or perpendicular to the c-axis, piezoelectric polarization Ppiezo due to the change of lattice 
constants will appear additionally to the spontaneous polarization field P0. The piezoelectric polarization 
field is given by 
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where 31e and 33e are the piezoelectric constants, 31c and 33c are elastic constants and yyxx HHH  1 is 
in-plain strain [1] and   001 2 aaa  H where  a0 as the lattice constant of the relaxed epitaxial layer (i.e. 
under no strain) and a as the lattice constant after the strain applied. The total polarization field is related 
to the polarization induced charge density totalU  and is given by 
 0PPpiezototal   U                                                                                                           (2) 
In other words, the heterointerface junction exhibits polarization sheet charge density arising from the 
difference 0P'  in spontaneous polarization between the two materials and from the change in strain that 
defines piezoP . The difference in polarization fields produces charge densities that may act as donors or 
acceptors, respectively. If at the given heterointerface totalU  is positive, then 2DEG with the density 
of qn totaltotal U , where q denotes the electronic charge, and can be accumulated at the heterointerface 
to compensate the polarization-induced charge. 
Table I Material Parameter Properties of III-N Binary Alloys 
Factors AlN GaN InN 
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  -0.86 -0.68 -0.90 
a0 (AO) 3.112 3.189 3.548
P0(Cm-2) -0.081 -0.029 -0.032
ǻEg(eV) 6.2 3.39 0.7 
ǻEc( to AlN, eV) - 1.7 3.8 
ǻEc( to GaN, eV) -1.7 - 2.1 
ǻEc( to InN, eV) -3.8 -2.1 - 
In Fig 2 the III-nitrides energy gap dependence on lattice constant  0a  for various compounds are 
schematically mentioned. As can be seen, the III-nitrides lattice constant  0a is decreased with the Al 
molar fraction x. Thus, to increase the AlGaN/GaN 2DEG density, increasing strain in the barrier layer by 
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increasing the amount of Al in the AlGaN seems to be the most effective way. However, a serious 
obstacle for this idea is presented by the possible relaxation of the barrier layer, which diminishes 
piezoP [1]. Moreover, the AlGaN crystallographic quality is decreased for higher x as defects may appear. 
This results in poor Schottky (gate) contacts parameters. On the other hand, if we replace AlGaN with 
InAlN [6], the strain in the barrier layer can be minimized. Despite thermodynamic analysis showing 
InAlN epitaxial growth to be difficult [7], high quality In0.17Al0.83N lattice-matched to GaN has been 
already reported [8]. In this work we analyze through a comparative study of InAlN/(In, Al, Ga)N/GaN 
based HEMTs. The spontaneous polarization field  0P  of ternary compounds can be calculated by 
applying Vegard’s law [1, 4]: 
       > @BCPACPxBCPCBAP xx 00010                                                                                       (3) 
Vegard’s law can be analogously applied to any other physical parameters listed in Table I. The 
polarization orientation is dependent on the polarity of the crystal, i.e. whether the cation (Ga, Al, In) or 
the anion (N) bonds face the surface. Cation polarity is mostly expected for properly grown III-Nitride 
device-quality layers [9]. Using the theory mentioned above the strain and polarization fields in InxAl1-xN, 
InyGa1-yN and AlzGa1-zN layers are obtained [1, 4] and used here. 
3. Results and Discussion 
Results obtained from the above described schemes for three different heterostructures are discussed 
here. 
3.1 InxAl1-xN/InN/GaN-based HEMT 
In this structure binary InN has been used as the channel layer. The InN channel layer is compressed at 
the heterointerface of In0.17Al0.83N barrier and GaN buffer layer keeping 83% of Aluminum content in the 
composition. The relaxed lattice constant of InN   548.30  InNa  Ao is the largest one among III-Nitride 
compounds and the energy gap is experimentally determined to be 0.7 eV. Fig 3 shows that the Fermi 
energy level is nearer to the conduction energy band and it is crossing at the 2DEG leading to high free 
electron concentrations in the 2DEG and is clearly understood from the probability of finding electrons at 
the heterointerface. Our simulator gave a single subband having electron eigen value of -9.604349e-01eV. 
The electric field variation as a function of 2DEG charge density and distance is shown in Fig 4. It is 
realized from this figure that the electric field is maximum (1.4x107V/cm) in the entire InN channel 
region, where the density of charge carriers are more. High 2DEG density ensures high electric field at 
the heterointerface. 
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3.2 InxAl1-xN/AlN/GaN-based HEMT 
AlN is used as channel layer. AlN possesses the highest spontaneous polarization in the material 
matrix and a Curie temperature well above 1000oC indicating a high chemical and thermal stability. 
Therefore introduction of 50 Ao thickness of AlN layer having band gap of 6.2 eV has made the device 
more suitable towards microwave characteristics due to the formation of high 2DEG density of 
ns=4.548x1013 cm-2 at the heterointerface of AlN/GaN rather 2DEG density of ns=6.934x1010 cm-2 formed 
at the InAlN/GaN heterointerface as shown in Table II. Introduction of thin AlN layer has increased the 
electron mobility by screening the alloy disorder scattering, which originates from In0.17Al0.83N barrier [3]. 
  
Fig 3 Free electrons concentration in the 2DEG Fig 4 Ele. field in the 2DEG of InAlN/InN/GaN-HEMT 
  
Fig 5 Subbands formation in the 2DEG Fig 6 Electric field in the 2DEG of InAlN/AlN/GaN-HEMT 
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The subband energies obtained from this structure is shown in Fig 5. It is realized from this figure that 
all subbands have been formed at a depth of 150 Ao from the surface where the 2DEG is formed and 
extends underneath.  
Clemens Ostermaier et al. [3] have also simulated the same type of structure and have discussed its 
microwave characteristics and also experimentally extracted parameters for InAlN. The results are quite 
matching with our results. The electric field profile as a function of structure depth from surface to 
bottom and 2DEG density is shown in Fig 6. It is realized from this figure that electric field is maximum 
in the order of 3.5x106 Vcm-1 where charge density is maximum and it verifies the presence of abundant 
charge carries at the heterointerface. 
3.3 InxAl1-xN/GaN/GaN-based HEMT 
N-polar InAlN/GaN MIS-HEMT with AlN spacer with a Si3N4 gate insulator has been fabricated and 
characterized by David F. Brown et al [6]. It has been seen that in this device, the 2DEG conductivity and 
maximum drain current capability were substantially higher than that of similarly scaled N-polar 
AlGaN/GaN devices. However, in order to understand the physics of this semiconductor devices similar 
type of structure has been proposed in this paper by growing thin GaN layer at the heterointerface of 
In0.17Al0.87N/GaN.  
Introduction of 50 Ao thickness of GaN layer having band gap of 3.4 eV has made the device more 
suitable towards microwave characteristics due to the formation of high 2DEG density ns=3.353x1013 cm-
2 at the heterointerface of In0.17Al0.83N/GaN whereas 2DEG density of ns=1.892x1012 cm-2 formed at the 
heterointerface of InAlN/GaN as shown in Table II. The various subbands energy at (E-Ef) energy band 
obtained are shown in Fig 7. The scheme of energy band diagrams showing the formation of 2DEG is 
shown in Fig 8. In0.17Al0.83N is lattice matched with GaN [6-7] and the absence of mechanical strain in the 
heterojunction has potential benefits to device reliability [8]. Furthermore, the net polarization of 
In0.17Al0.83N is higher than typical AlGaN barrier layers, which results into higher sheet charge density 
and drain current [6-11]. The electric field profile variation as a function of structure depth is also shown 
in Fig 8. It is realized from this figure that the electric field reaches to a peak value of the order of 2.5x106 
Vcm-1 at the heterointerface where 2DEG is formed and it is near about zero at all other regions. 
 
  
Fig 7 Subbands formation in the 2DEG  Fig 8 Electric field in 2DEG of InAlN/GaN-HEMT 
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4. Comparative Analysis 
Introduction of binary InN, AlN and GaN channel layer of thickness 50 Ao has made the device 
suitable for high power semiconductor devices due to high sheet charge density (ns). In case of 
introduction of InN and GaN channel layer at the heterointerface, the 2DEG is formed at the depth of 100 
Ao from the surface whereas introduction of AlN channel layer leads to the formation of 2DEG at a depth 
of 150 Ao from the surface due to the growth of high band gap material i.e. AlN band gap of 6.2 eV 
grown over narrow band gap i.e. 3.4 eV of GaN. The 2DEG densities in the order of 1013 cm-2 in all the 
three proposed structures are mentioned in Table II. The sheet resistance in AlN channel based structure 
is the smallest one having value of 342.6 ȍ/Ƒ. The 2DEG sheet charge density is maximum in case of 
insertion of AlN spacer at the heterointerface of In0.17Al0.83N/GaN due to high polarization effects, where 
as insertion of InN layer has also comparatively little less 2DEG density than AlN. The insertion of GaN 
layer also gives rise to significantly high 2DEG density but has high sheet resistance. 
5. Conclusion 
The scheme of energy band engineering and charge densities in InxAl1-xN/InN/GaN, InxAl1-
xN/AlN/GaN and InxAl1-xN/GaN heterostructures were studied. The electric field profiles as a function of 
structure depth and 2DEG density for all the structures have been discussed. It is realized that high 2DEG 
density leads to high electric field and vice versa. Introduction of AlN and InN spacer screens out the 
alloy disorder scattering in In0.17Al0.83N, leads to high electron mobility in the 2DEG and makes the 
device suitable for high power microwave device applications. In0.17Al0.83N/GaN-based HEMT could 
overcome the typical AlGaN/GaN-based HEMT in all aspects. 
Table II Comparative Properties of Three Structures 
Structure 
(InN) 
ns cm-2 
(AlN) 
ns cm-2 
(GaN) 
ns cm-2 
100Ao InAlN 3.739e+10 1.640e+01 8.154e+10
50Ao Channel 4.023e+13 6.934e+10 3.353e+13
10000 Ao GaN 1.856e+05 4.548e+13 1.892e+12
Sheet Resistance (ȍ/Ƒ) 387.5 342.6 439.5 
# of Subbands 1 15 15 
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